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Population Burden-Birth

Defects
* 1in 33 babies born with

birth defects (6% in world)
>100,000/yearin US

°* 1in 12 for preterm babies
~20% of infant deaths

~ 60% of neonatal deaths
>1499 gm




Early

Most occur within the first 3 months
of pregnhancy




The Unknown Fraction

Chromosomal

18% Single Genes and Familial

66% T _
\ 3% Uterine Factors
Unknown 3%

Teratogens

Nelson & Holmes, N Engl J Med 320:19-23, 1989




ARCHIVES OF
DISEASE. IIN
CHILIDHOOIDD

Vitamin deficiencies and neural tube defects

R.W. SMITHELLS, S. SHEPPARD, and C.J. SCHORAH
1976

“These results must be interpreted with
caution. If vitamin deficiency is a factor in the
genesis of CNS defects, appropriate vitamin
supplementation might make a contribution to

primary prevention.”
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Neural Tube Defects







What is the
epidemiologic
evidence?




Effect of multivitamins containing folic acid
on the risk for neural tube defects, 1980-1999

'80-Smithells

'81-S. Wales

‘88-Atlanta Randomized trials
'89-W. Australia Non-randomized trials
'89-CAllllinois Observational studies
'89-Boston

'90-Cuba
'91-UK-MRC
'‘92-Hungary
'93-New England

'95-California
'99-P.R. China N/S

00020406038 121416 182022 24
Risk Ratio With 95% Confidence Intervals







Reduction in Neural Tube Defects
After Fortification

V15-50% across many
registries & countries




NTDs per 10,000 live births
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Health mandated the

to wheat flour in order to reduce

In January 2000, Chilcan Ministry of
additon of folic acid (FA
the risk of neural tube defeas (NTDs). This policy resulted in
significant increases in serum and red cell folate in women of
fertile age 1 year after fortification. Toevaluatethe efiect of wheat
flour fortification on the prevalence of NTDs in Chile we
designed a prospective hospital-based surveillance program to
monitor the frequency of NTDs in all births (live and stillbirths
with birth weight > 500 g at the nine public matemity hospital sof
Santiago, Chile from 1999 to 2009. During the pre-fortification
period (1999-2000) the NTD rate was 17.1/10,000 births in a total
of 120,566

2001

newboms. During the post-fortification period

2009) the NTD rate decreased to 8.6/10,000 births in a
total of 489,915 newboms, which translates into a rate reduction
o (RR: 0.5 95% (1: 0.42-0.59) for all NTDs. The mte
reduction by type of NTD studied was: 50% in ancncephaly (RR:
0.5; 95% Cl: 0.38-0.67), 42% in cephalocele (RR: 0.58; 95% CI:
0.37-0.89), and 52% in spina bifida (RR: 0.48; 95% CI: 0.38-0.6).
e P e o “TTR: o .

of 50

How to Cite this Article:

Cortes F,Mdlado C, Pardo RA, Villarrocl LA,
Hertrampf E. 2012, Wheat flour fortification
with folicacid: Changes in ncural tube defects
rates in Chile.

Am ] Med Genet Part A 158A:1885—1890.

Dudas, 1992 ]. Recommendati onsfrom North America [Centers
Discase Contral and Prevention (CDC) 1992], Europe [Sdentif
Committee on Human Nutriton, 1993], and FAO/WHO ( FA(
WHO cxpert consultation, 2002) arc in agreement that all wo
in fertile age should consume 400 pg of FA daily to reduce theirri
of having a pregnancy affected by NTDs.

FA supplementation and food fortification are bdng used
increasc FA intake by woman in fertike age. Prevention polia




How does folic acid

alter risk of NTDs?




Proteins

T
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5,10-MTHFR

Gene-only effects

meta-analysis, odds ratio=1.8

Botto & Yang 2000




MTHFR polymorphism and
Spina Bifida risk

Maternal vitamin use (folic acid
TT vs CC

Odds ratio = 1.2 (0.4-4.0)




MTHFR polymorphism and
Spina Bifida risk

Maternal vitamin use (folic acid ~ No vitamin use (folic acid)
TT vs CC
Odds ratio = 1.2 (0.4-4.0) Odds ratio = 1.6 (0.8-3.1)
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Review Article

The Search for Genetic Polymorphisms in the
Homocysteine/Folate Pathway That Contribute to the
Etiology of Human Neural Tube Defects

Anne M. Molloy,'” Lawrence C. Brody,” James L. Mills,” John M. Scott,’ and Peadar N. Kirke®*
'Schoal of w-r and kmmdz , Trindty Caollege, DubEn, beland

Maolecular Section, Genome ourlulwhN ral Human Genome Research Institute, Bethesda, and
*Division of ogy. Statistics and Prevention Research, Eunice Kernedy Shriver Nasional Institute of Child Health Human
MIW!MM and Human Services, Nistional Iretmutes of Healh, Bahasda, Maryland
Health Epidemiclogy Unit, Health Research Board, Dublin, Ireland

Recaved 13 October 2008; Revisad 1 December 2008; Accepted 3 December 2008

In this paper, we trace the history of current research into the genetic and biochemical mechanisms that
underlie folate-preventable neural tube defects (NTDs). The inspired suggestion by Smithells that common
vitamins might prevent NTDs ignited a decade of biochemical investigations—{first exploring the nutritional
and metabalic factors related to NTDs, then onto the hunt for NTD genes. Although NTDs were known to
have a strong genetic component, the concept of common genetic variance being linked to disease risk was
relatively novel in 1995, when the first folate-related polymorphism associated with NTDs was discovered.
The realization that more genes must be involved started a rush to find polymorphic needles in genetic hay-
stacks. Early efforts entailed the intellectually challenging and timeconsuming task of identifying and ana-
lyzing candidate single nudeotide polymorphisms (SNPs) in folate pathway genes. Luckily, human genome
research has developed rapidly, and the search for the genetic factors that contribute to the etiology of
human NTDs has evolved to mirror the increased level of knowledge and data available on the human ge-
nome. Large-scale candidate gene analysis and genome-wide association studies are now readily available.
With the technical hurd les removed, the remaining challenge is to gather a sample large enough to uncover
the polymorphisms that contribute to NTD risk. In some respects the real work s beginning. Although mow-
ing forward is exciting, it is humbling that the most important result—prevention of NTDs by maternal folic



14 genes — 118 SNPs
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Conclusion

observations do not

implicate a particular
{polymorphism} folate transport

or metabolism gene to be
strongly associated with risks

for spina bifida
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A Genetic Signature of Spina Bifida Risk from Pathway-
Informed Comprehensive Gene-Variant Analysis

Nicholas J. Marini'*, Thomas J. Hoffmann?, Edward J. Lammer?, Jill Hardin® Katherine Lazaruk?, Jason B.
Stein®, Dennis A. Gilbert?, Crystal Wright®, Anna Lipzen®, Len A. Pennacchio®, Suzan L. CarmichaelS,
John S. Witte?, Gary M. Shaw®, Jasper Rine'*

1 Department of Molecular and Cellular Biology, California Institute for Quantitative Biosciences, University of California, Berkeley, California, United States of America,
2 Department of Epidemiology and Biostatistics and Institute of Human Genetics, University of California San Francisco, San Francisco, California, United States of America,
3 Children's Hospital Oakland Research Institute, Oakland, California, United States of America, 4 VitaPath Genetics, Inc., Foster City, California, United States of America,
5 Department of Energy, Joint Genome Institute, Walnut Creek, California, United States of America, 6 Department of Pediatrics, Stanford University School of Medicine,
Stanford, California, United States of America

Abstract

Despite compelling epidemiological evidence that folic acid supplements reduce the frequency of neural tube defects
(NTDs) in newborns, common variant association studies with folate metabolism genes have failed to explain the majority of
NTD risk. The contribution of rare alleles as well as genetic interactions within the folate pathway have not been extensively
studied in the context of NTDs. Thus, we sequenced the exons in 31 folate-related genes in a 480-member NTD case-control
population to identify the full spectrum of allelic variation and determine whether rare alleles or obvious genetic
interactions within this pathway affect NTD risk. We constructed a pathway model, predetermined independent of the data,
which grouped genes into coherent sets reflecting the distinct metabolic compartments in the folate/one-carbon pathway
(purine synthesis, pyrimidine synthesis, and homocysteine recycling to methionine). By integrating multiple variants based
on these groupings, we uncovered two provocative, complex genetic risk signatures. Interestingly, these signatures differed
by race/ethnicity: a Hispanic risk profile pointed to alterations in purine biosynthesis, whereas that in non-Hispanic whites
implicated homocysteine metabolism. In contrast, parallel analyses that focused on individual alleles, or individual genes, as
the units by which to assign risk revealed no compelling associations. These results suggest that the ability to layer pathway
relationships onto clinical variant data can be uniquely informative for identifying genetic risk as well as for generating
mechanistic hypotheses. Furthermore, the identification of ethnic-specific risk signatures for spina bifida resonated with
epidemiological data suggesting that the underlying pathogenesis may differ between Hispanic and non-Hispanic groups.




Multiple alleles

Mutation loads

Higher in controls!




Nature knows what she is doing,
and does it, even when we
cannot find out.

- Sir Arthur Stanley
Eddington
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|| ORIGINAL ARTICLE ||

Autoantibodies against Folate Receptors
in Women with a Pregnancy Complicated
by a Neural-Tube Defect
Sheldon P. Rothenberg, M.D., Maria P. da Costa, M.D., Jeffrey M. Sequeira, M.S.,

Joan Cracco, M.D., Jadyn L. Roberts, M.D., Jeremy Weedon, Ph.D.,
and Edward V. Quadros, Ph.D.

ABSTRACT

BACKECROUND

In the absence of clin ical folate deficien oy, periconce ptional supp leme ntation with folic
acid reducesa woman'srisk of having an infant with a neuraltube defect. Sinceantise-
rum to folate receptors induces embryo resorption and malformations in rats, we hy-
pothesized that autcantibodies a gain st fola & receptors in wome nmay be assochaend with
pregnancy com plicard by a neuml-tube defect.

HMETHODS

Serum from 12 women who were or had been pregnant with a fetus with a2 neural-
tube defect and from 24 control women ( 20 with current or prior nonmal pregmancies
and 4 who were nulligrawvid) was analyzed for autcantibodies by incubation with hu-
man placental folate receptors radiolabeled with [*Hlfolicacid. The properties ofthese
au oantibo dies were ch erizedbw i baing serumand the autcandbodies isolated
from serum with placental membranes, BDZ? cells, and KB cells, which express the
folate receptors.

RESULTS
Serum from 9 of 12 women with a current or previous affected pregnancy (index sub-
jects) and 2 of 20 control subjects contained auwantibodies against folate receptors
(P<0.001). The autocantibod ies blocked the binding of PH) folic acid tofolate receptors
on placental membranes and on ED27 and KB cells incubated at 4°C and blocked the
uptake of [*H Jfolic acid by KB cells when incubated at 37°C.

COMCLUSIONS

Serum from with a pr voomp ki dby a neuraltubed efect com ains au-
toantibodies that bind to folaw receptors and can block the cellular uptake of folate.
Further study is warranted to assess whether theob&nvedaemdumbmt maem:l
autoantibodies against folate rece ptors and neural-tube defe cts refk a 5




Folic Acid During
Embryogenesis?

Women produce autoantibodies to folate receptors preventing binding
and transport of folic acid to cellular components during embryonic
development.

Supplemental folates compete with blocking antibodies and restore
cellular folate concentrations.




Folate AutoAntibody Titers - Mean

Controls NTDs p-value

FBP (IgM) 50.4 66.1 0.04
FR (1gG) 5.7 12.5 0.02
FR(IgM)  59.0 79.5 <0.001

Cabrera et al. 2008
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Nitric Oxide Synthase

NOS3 variants influence (raise)
homocysteine concentrations

smoking compromises NOS3 activity

folate intake influences (lowers)
homocysteine concentrations

is clefting risk from NOS3 variants
modified by smoking and further
modified by vitamin intake (folic
acid)?




NOS3 A922G genotypes, maternal smoking,
maternal vitamin use, and Cleft lip/palate risks

Vi-tjamin OddS
Genotype Smoking Bk Ratio  95% Cl

Variant Yes No 46 2.0-11.0
Variant Yes 1.6 0.9-2.8
Wildtype 1.4 0.5-4.0
Wildtype
Wildtype

Shaw et al. 2004
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Folic acid in early pregnancy: a public health success

story

Sarzsh G. Obian,* Richard H. Fimnell,' James L. Mills,? Gary M. Shaw.®

and Anthony R. Scialli*$!

*Deparument of Obswewrics and Cynecology, Ceorge Washingron University School of Medicine,

washingion, Districx of Columbta, USA: *

mem of Nuindon, University of Texas, Ausdn,

Texas, USA; "Epidemdology Branch, Eunice Kennedy Shriver Nagonal Trsciuse of Child Health and

Human Deve
Bethesda, Mary

ent, Nagonal Insdiues of Healdh, Depanment of Health and Human Services,
, USA; "Depanment of Pediurics, Sanford University, Sanford, Californta, USA;

and Mesra Tech Sclences, Ardingion, Virginia, USA

ABRKTRACT Folate &= 2 watersoduble B vicamin thas
must be obained in (he diet or dwougrh supplementa-
doa. For >50 T, k has been knowa that folate plays an
latepral role la embryoaic development. la mice, lnac-
dvason of genes ia the folate padrway results la mal-
formadoas of e newal mbe, heary, and aaniofacial
sguctures. It has boea shown that diets and blood levels
of women who had 2 fetus with 2 acural tube defect are
low for several micoamrients, pardcularty folae.
Periconcepdonal use of folic acid contining supple-
mean dicTeasdd recm@Tond acural ube defeos in e
offspriag of women with a previoudy affecied child
and the ocauTeace of a neural mabe defect and possibly
other birth defects la (he offspriag of women with ao
prior history. Basod on these adiaps, the ULS. Public
Health Semvice recommendoed that 2l women x risk
ke folic acid supplements, but maay did not Manda-
tory food fordfication programs were lngroduced in
anmernms comaries  incdndics the DUnited Seses o

prevalence of ameenacl diagnosdc wsang. Neural mbe
defecs result from the Incomplete dosure of the
ncural wbe during the founh weck of gesadon (2).
The most common neural wbe defieces are spina binda,
due 10 Incomplews dhasure of the cusdal neural wbe,
and anencephaly, due 10 Incomplete dasure of the
roseral end of the neural nsbe. These malformasons are
facl or resuzlt In significann lelong disabdlicy.

For =50 yr, it has been known tha folme plays an
integrd role in embryonic development. The Investigs-
don Imo the role of folae In neural ube defecos and
the use of folic acd supplemenagon 10 prevent these
and perhaps odher malformasons has been an example
of how sciemuiss In diverse ficlds have worked wgedher
w Cwvorably affect the public health. The Termology
Sodery Is proud tha many of these sciemises are Soclety
membens, and many of the disozsions leading 10 this
major public health comribudon wok place 2 anmal



Alternative
interpretations:

“Nooer, ever sEsnk sudiide t4¢ bex.”




Do the folic acid
results fit our
expectation?




Detracting Evidence or
Clues

* Nearly all studies included other
vitamins




Effect of multivitamins containing folic acid
on the risk for neural tube defects, 1980-1999

'80-Smithells

'81-S. Wales

‘88-Atlanta Randomized trials
'89-W. Australia Non-randomized trials
'89-CAllllinois Observational studies
'89-Boston

'90-Cuba
'91-UK-MRC
'‘92-Hungary
'93-New England

'95-California
'99-P.R. China N/S

00020406038 121416 182022 24
Risk Ratio With 95% Confidence Intervals




MRC Randomized Trial

Relative Risk 95% C1
Folic Acid only vs. Placebo 0.15 0.05-0.70

Other Vitamins vs. Placebo 0.60 0.26-1.50




Detracting Evidence or
Clues

* Nearly all studies included other
vitamins

* Inconsistency across population

subgroups




Use of folic acid in periconceptional period
among Hispanics and risk for NTDs

Odds ratio
California 0.96

Texas 1.12




NTDs per 10,000 live births

-

o

w

i
N\
(TTRE——— E—

h
i
)
¥
H
P
H
'
P
i

Pre-fortification ! fortification
P

mmmm Hispanic

m— White, non-Hispanic
wan Black, non-Hispanic

Post-fortification

T T

1995 1996 1997

1998

T T
2001 2002




Detracting Evidence or
Clues

* Nearly all studies included other
vitamins

* Inconsistency across population

subgroups
* NTDs over time and inclusion of
folic acid




NTD Prevalence

M

Prevalence
per 1000 ;
Live Births

o R T (O Y O [ ) S R VS S O
1980 1989

Source: Yen et al. AJDC 1992; 146: 857-61




NTDs and Periconceptional
Multivitamin Use - Atlanta

Time Period Relative Risk
1/68 - 4/72 0.49
5/12 - 8/76 0.32
9/76 - 12/80 0.40

Source: Mulinare et al. JAMA 1988; 260: 3141-5
Erickson (personal communication)




Detracting Evidence or
Clues

Nearly all studies included other
vitamins

Inconsistency across population

subgroups

Prevalence of NTDs over time and
inclusion of folic acid

Null study findings
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Original Contribution

Neural Tube Defects and Maternal Folate Intake Among Pregnancies Conceived
After Folic Acid Fortification in the United States

Bridget 5. Mosley, Mario A. Cleves, Anna Maria Siega-Riz, Gary M. Shaw, Mark A. Canfield.
D. Kim Waller, Martha M. Werler, and Charlotte A. Hobbs for the National Birth Defects Prévention
Study

Cl, confidance i




NTDs & Folic Acid — Recent
Data

Odds Ratios (95% CI

Spina Bifida Anencephaly

Supplements in

month before 1.1(0.9,15) 1.7(1.2,24)
' pregnancy

Mosley et al. Am J Epidemiol 2009.




ORIGINAL ARTICLE

Folic Acid Intake and Spina Bifida in the Era of Dietary Folic
Acid Fortification

Katherime Ahrens, Mahsa M.
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Annual NTD prevalences in central California, 1989-2003

Figure 1 — NTD prevalences

Differencé in slopes =12.8
(4.4, 21.2),

7.8 (-11.4,-4.2) 5.0 (-2.5, 12.6)




Effect of Maternal FA Diet on NTD rate in Lrp6 nulls

et # Observed* % of Lrp6—/~
ieta i -
- ry S — Embrg_?s with valI:le**
2ppm 7 15 68%
10 0 15 100% 0.03

ppm







Other Nutrients

*Vitamin B,,
* Methionine
*Zinc
*|nositol
°Choline



NTDs & B,

Quartile of B12 “Group Odds Ratio
serum level 1” (95% CI)

3.2 (1.5-6.2)

2.8 (1.3-6.0)
1.8 (0.8-4.1)

Reference

Molloy et al. 2009




NTDs & Serum Choline

0ljes SppO

T T T

2.5 3.0 3:5 4.0
Total choline (mmol/L)

Shaw et al.
Epidemiol 2009




Dr. James Mills and colleagues




Maternal choline concentrations during pregnancy and choline-related
genetic variants as risk factors for neural tube defects'™

James L Mills, Ruzong Fan, Lawrence C Brody, Aiyi Liu, Per M Ueland, Yifan Wang, Peadar N Kirke, Barry Shane,
and Anne M Molloy

ABSTRACT a beneficial effect of choline could help elucidate the mechanism

“If we knew what we were doing it wouldn’t be
called research”- Einstein

PEDIATRIC RESEARCH Printed in U.S.A.
Copyright © 2009 International Pediatric Research Foundation, Inc.

Nested Case-Control Study of One-Carbon Metabolites in
Mid-Pregnancy and Risks of Cleft Lip With and
Without Cleft Palate

GARY M. SHAW, STEIN EMIL VOLLSET, SUZAN L. CARMICHAEL, WEI YANG, RICHARD H. FINNELL, HENK BLOM,
AND PER M. UELAND



Diet Quality Index

—“Holistic” approach

—Diet quality > single
nutrient ?

—6 (+): grains,
vegetables, fruits,
folate, iron, calcium

—2 (-): % calories from
fats; sweets

Carmichael et al. 2011




Questions

* Are the folate-sensitive NTDs removed from
the population?

* Folic acid works — but how?

= shed lighton development
- response vary by genetic background?




Questions

° Unintemnded effects:

- twinning?
- Miscarriage ?




Questions

Other nutrients are important — but which
ones?




“It is better to have an
approximate answer to the

right question than an exact
answer to the wrong one ” -
Tukey
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	Questions

Are the folate-sensitive NTDs removed from the population?

Folic acid works – but how?

	- shed light on development

	- response vary by genetic background?
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